Abstract-This paper describes a new approach for fast and accurate determination of the source reflection coefficient in microwave source-pull measurements. To the authors' knowledge, this is the only technique that allows the simultaneous measurement of the source and the device-under-test input reflection coefficients. A traditional vector network analyzer is used as a four-channel receiver. The calibration procedure is based on a new reflectometer model that extends the traditional error box concept. Experimental results are presented and compared to data obtained with traditional techniques.
I. INTRODUCTION

M
ICROWAVE source-pull measurement techniques consist in monitoring the desired performance of a device under test (DUT) while driving it with different source impedance values. This approach is widely used for microwave active device characterization, both in small and large signal conditions. A typical application is low-noise amplifier design to experimentally obtain the optimum noise impedance [1] , [2] , or the matching network for mixers, oscillators, and high-efficiency amplifiers [3] - [5] . To complete an accurate characterization of the DUT in a reasonable time, it is mandatory that both the source impedance setting and the measurement capabilities are automatic. This paper mainly deals with the second topic, i.e., the fast and accurate determination of the source impedance along with the measurement of the DUT input characteristics.
The existing solutions rely on vector corrected measurements of the waves at the DUT input port, performed either by vector network analyzers (VNA's) [2] or by six-port systems [1] , [6] . The common feature of all cited methods is that they measure the DUT and the source reflection coefficient by two distinct acquisition steps, and they involve switching the microwave source signal.
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Publisher Item Identifier S 0018-9456(00)02434-7. input reflection coefficient. In particular, it is not necessary to switch the microwave source, or to disconnect it. The technique is based on a new model for the input reflectometer, which extends the well-known error-box concept [7] . A proper calibration procedure, based on traditional standard devices, has been developed.
II. MEASUREMENT SYSTEM OVERVIEW
The solution presented in this paper was applied to the integrated S -parameter and source/load-pull on-wafer test set sketched in Fig. 1 . A traditional network analyzer is used as a four-channel microwave receiver. Signal a ref is drawn from the generator output to provide a stable reference, while waves a 1 and a 2 are selected by a PIN-diode switch driven directly by the network analyzer. This is a well-established technique already experimented in many load-pull systems [8] , [9] , and it allows fast acquisitions of all four DUT waves with respect to a ref .
Source reflection coefficient control is achieved by summing the signal from the synthesized generator with the wave reflected by a tuning element, as derived from [1] . An active load [10] rather than a passive tuner can be used to obtain higher reflection coefficient magnitudes at the probe tip.
Traditional measurement systems obtain calibrated values of On the other side, the source reflection coefficient we are looking for is defined as
and it is equal to the ratio a 1 =b 1 only if a S = 0, i.e., the internal generator is switched off. Therefore, a single measurement of waves a 1 and b 1 does not give enough information to compute both the source and the DUT reflection coefficients. The technique presented here takes advantage of the additional measurement of the reference signal a ref , which is typical of VNA-based load-pull systems. It will be proved that, after a proper calibration procedure, the measurements of waves a m1 and b m1 with respect to a ref are sufficient to determine both source and DUT reflection coefficients. Referring to Fig. 2 , 0 S is computed in two steps: first the tuner reflection coefficient 0 t is deembedded from a m1 ; b m1 , and a ref acquisitions; then, 0 S is found by shifting 0 t to the DUT reference plane.
III. ERROR MODEL
The error model definition is carried out assuming no leakage between port 1 and port 2 reflectometers, so that they can be considered separately. Fig. 2 focuses on the input part of the test set and on all the quantities of interest. The circuit delimited by the dashed box is referred as the input reflectometer. It is a linear and invariant microwave network; three of its six ports are connected to microwave samplers, which are assumed to be linear and invariant as well. The remaining three ports are connected, respectively, to the microwave generator, to the tuner, and to the DUT. This situation is an extension of the traditional four-port reflectometer, whose theory is well established [7] .
By the mathematical computations detailed in the Appendix, it is proved that any wave incident or reflected by the input reflectometer is uniquely a function of the three measured quantities a m1 ; b m1 ; and a ref . In particular, the waves at the tuner reference plane T -T 0 are a linear combination of them 
However, it is easy to prove that the error coefficients 02 and 12 are null, since the samplers a m1 and b m1 and the DUT reference plane are at the same side with respect to the microwave generator. Therefore, the relationship between DUT waves and measured quantities reduces to the traditional error box. The error coefficients can be computed by any existing calibration algorithm for one-or two-port VNA.
Finally, if the microwave source is turned off and the system is excited from the DUT port, a fixed relationship exists between the waves at the tuner section T -T 0 and at the DUT plane 
This statement originally appeared in [11] , and it is the cornerstone of load-pull system calibration theory for on-wafer applications. When the internal generator is turned off, the ratio a 1 =b 1 is, by definition, the source reflection coefficient 0 S . Thus, if 0 t of the tuner is known when the generator is on, (6) can be used to find the reflection coefficient that would appear at section D-D 0 if the generator were off, i.e., the unknown 0 S .
Equations (3), (5), and (6) define the error model of the input reflectometer to determine the source reflection coefficient and the DUT input characteristic at the same time. The error coefficients are computed by inserting a proper sequence of standard devices at the on-wafer probe tips and at the tuner coaxial port, as discussed in the next section.
IV. CALIBRATION AND DEEMBEDDING
The relationship between the measured quantities and reflection coefficient at the tuner reference plane is given by (4) . To proceed in the analysis, it is convenient to define the following quantities: ref depend on the device inserted at the tuner port, as well as on the load connected at the DUT reference plane. Therefore, different terminations at the DUT port give independent equations, even if the standard device inserted at the tuner reference plane is the same one. Moreover, it is not necessary to know their parameters, since the reflection coefficient at the DUT port does not appear in (9) . Referring to Table I, the standard devices for the calibration at the tuner reference plane are connected in steps 1-5.
A similar procedure is adopted to compute the error coefficients of (6) 
The reflection coefficient seen by the DUT from its input port,
i.e., 0 S , is related to 0 t at the tuner port by 
which is derived from (6) and (10 Table I ). From (11), it results e # 00 + 0 1 of the waves at the DUT plane D-D 0 when the j th standard is connected. Its value is easily computed from the raw waves a m1 ; b m1 by (5), provided that the port 1 error box has already been determined.
It is fundamental that the source reflection coefficient does not change while exciting the reflectometer from section S-S 0 , i.e., turning the source switch to port 2. To this purpose, an isolator is used as shown in Fig. 1 before the input reflectometer.
Once the system is calibrated, the source reflection coefficient is deembedded from the raw waves in two distinct steps.
• First the tuner reflection coefficient 0 t at section T -T 0 is computed by (8) .
• Then the same 0 t is shifted to the DUT reference plane • First the source reflection coefficient was directly measured with a VNA at the DUT port and the source switched off, obtaining 0 S;0 .
• Then a short was connected to the DUT port to simulate a high-reflectance device, and 0 S was computed by the described technique at two different source output power levels (10 and 0 dBm), obtaining, respectively, 0 S;1 and 0 S;2 .
Results computed for a single tuner setting are shown in Fig. 3 as a function of frequency. 
VI. CONCLUSION
A novel three-sampler reflectometer has been presented, which allows simultaneous measurements of source and DUT reflection coefficients. The technique is based on a new error model that extend the traditional error-box concept. A proper calibration procedure has been described. Experimental results proved the accuracy of the proposed solution against the traditional methods. This makes the new technique an interesting solution for source-pull measurements whenever fast and accurate device characterization is required. APPENDIX A Speciale [12] , [13] originally carried out the theoretical analysis of a generic multiport network used together with a vector voltmeter for S-parameter measurements. More recently, Eul [7] detailed this approach in the case of a two-port network analyzer. Here the theory is developed for the situation shown in Fig. 6 . M of the (N + M ) ports of the reflectometer are connected to the network analyzer receiving channels (the samplers). The aim is to compute the waves incident and reflected by port 1 to port N (the test ports) from the samplers' acquisitions.
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